There are an increasing number of planned earth and planetary observation missions incorporating thermal infrared imaging instruments. The integration of uncooled microbolometer technology into these instruments provides size, mass, and power consumption advantages that are beneficial for small satellite missions and crucial to micro and nano-satellite missions. INO and CSA have developed a unique and versatile Canadian microbolometer technology for satellite missions. This technology has recently been applied to the development of an uncooled focal plane array designed to meet the specific needs of satellite-based thermal infrared imaging. The array consists of three parallel rows of 512 pixels on a 39 µm pitch. Each pixel includes active and reference detectors for on-chip pixel offset correction and increased immunity to die temperature drift. The readout electronics integrates each pixel in parallel, cancels its own offset and low frequency noise and provides 14-bit digital output. A compact circuit card assembly for operating and collecting data with the 512x3 pixel FPA has been designed and fabricated. It fits in an envelope 75mm x 75mm x 50mm and has a power consumption of 3.75 W.
INTRODUCTION
There are an increasing number of planned earth and planetary observation missions incorporating thermal infrared (TIR) imaging instruments. These instruments address a range of applications, including those presented in table 1 Traditionally, HgCdTe-based photonic infrared detectors are used for space-borne thermal infrared (TIR) payloads. These detectors require cryogenic cooling for sensitive operation. The cryogenic cooler increases the mass, volume, and power consumption of the detector assembly by about an order of magnitude. Payloads based on cooled detector arrays are therefore unlikely to be compatible with the available satellite budgets for micro and nano-satellite missions. Micromachined bolometric detector technology provides sensitive infrared detection and imaging without any need for cooling. The integration of this technology into infrared imaging payloads is an advantage for small satellite missions and is crucial for micro and nano-satellite missions.
With respect to the representative  specifications  of  table  2 , current microbolometer technology is most suited to on ground resolutions at the upper end of the scale because of the slower detection response associated with its thermal mode of operation. Faster response time can be readily achieved at the expense of reduced sensitivity, however the required mission thermal resolutions may be difficult to achieve if required in a narrow spectral band with small ground spot. With a combination of readout electronics designed for pushbroom imaging and second generation microbolometer pixels designed for fast and sensitive operation it should be possible to meet the most challenging specifications.
In this paper we describe the design, fabrication, and preliminary testing of a custom 512x3 pixel uncooled focal plane array (FPA) for TIR pushbroom imaging instruments. We also describe the development and fabrication of a modular electronics board set designed to operate the FPA in a space-borne instrument.
CANADIAN MICROBOLOMETER TECHNOLOGY
INO and CSA have developed a unique and versatile Canadian linear microbolometer technology for space instruments 1 . INO is the only supplier of linear microbolometer arrays, producing a standard 256x1 pixel array, and having produced a custom 256x40 pixel array for a unique earth sensor 2 . In the late 1990's, instrument concepts for earth observation based on uncooled detectors were being elaborated 3 . The development of long linear arrays destined for earth observation was initiated by CSA in 1997 when 512 element arrays of pixels with dimensions of 25 µm to 50 µm were produced 4 . The arrays featured a novel patented high fill factor pixel design. Microbolometer development at other companies has been focussed on twodimensional arrays, primarily for terrestrial video-rate imaging.
Although INO specialises in microbolomter foundry services and custom pixel and readout design for specific space and terrestrial applications, it also produces a standard two-dimensional focal plane array (FPA). The INO IRM160A 160x120 pixel microbolometer FPA has been integrated into a number of cameras and systems for civilian and military applications. For example, the INO MIMICIIv2 camera is a miniature OEM camera electronics that fits in a volume of 2"x2"x1.7" and has thermal resolution below 50 mK for 30 Hz imaging with f/0.8 optics. Figure 1 shows the MIMICIIv2 camera electronics with IRM60A array and a single frame thermal image taken with the previous generation MIMICII camera. INO has 7 microbolometer-related patents granted and 5 pending, and a crosslicensing agreement with Honeywell. Despite their small dimensions, the very small mass of microbolometer pixels makes them highly resistant to shock and vibration.
They are also quite resistant to radiation. Table 3 summarises the environmental tests performed to date on INO microbolometer FPAs. All tests are passed routinely.
512X3 PIXEL FPA DESIGN
The design of a custom FPA provides the opportunity to introduce several improvements for push-broom imaging with respect to standard 2-D uncooled FPAs. The number of pixels per line may be optimised to reflect the optimal trade-off between manufacturability, resolution, and sensitivity. In the present case, a pixel pitch of 39 µm was chosen allowing 512 detectors per line within a die 20 mm wide. The 20 mm die is small enough for CMOS ROIC fabrication within a single reticle, and small enough to ensure that the system optics are of a manageable size. At the same time, the individual bolometric detectors are large enough to provide good radiometric resolution. The FPA specifications called for parallel integration in three spectral bands and compatibility with in-field separation. The three corresponding rows of detectors are physically separated by 2 mm -far enough apart to allow packaging with a filter assembly even for low f#, but close enough to reduce any co-registration problems. Individual micromachined bolometric detectors consist of a microplatform made up of dielectric structural and absorbing layers and a layer of semiconductor material with a high thermal coefficient of resistance (TCR) and metallic electrodes that allow the resistance of the detector to be measured. The microplatform is suspended over the substrate by a surface micromachining technique, such that incident infrared radiation increases its temperature. The change in temperature is proportional to the power incident on the pixel and it induces a corresponding measurable change in pixel resistance. The dielectric (Si 3 N 4 , SiO 2 ) and thermistor (VO x ) layers, air gap, and reflector form an optical stack that is optimized for high and uniform absorption between 8 and 13 µm.
In the 512x3 FPA, each pixel consists of four detectors in a Wheatstone bridge configuration, with one active detector that responds to changes in the scene temperature and three reference detectors. The reference detectors have essentially the same construction as the active detector but do not respond to changes in scene temperature. The detector signal is measured differentially between the two unbiased nodes of the bridge. The detector offset voltage is therefore eliminated, allowing long integration time without saturation of the integrator. At the same time, the reference detector resistance varies in the same way as the active detector resistance with die temperature changes, eliminating to a first order the impact of die temperature drifts on the measured signal. Any noise associated with the bridge bias is also greatly reduced as it is a common mode signal at the bridge outputs.
The pixels are fabricated monolithically over the custom CMOS ROIC circuit in INOs clean room facilities using a surface micromachining approach. Figure 2 is a SEM photograph of adjacent active and reference detectors. Table 5 shows the measured physical parameters of the fabricated active detectors under continuous bias. The readout electronics is fabricated in an 0.8 µm epitaxial CMOS process with a die size of 7x20 mm. The epitaxial starting material provides increased resistance to radiation effects. All pixels are integrated in parallel with their own signal chain. The pixel signal is buffered by a low noise differential buffer, integrated by a switched capacitor integrator, converted from an analog to a digital value, and written to a digital register. There is one digital output per line and each line may be placed in a power down mode if not required. The data format is 14 data bits plus one sign bit. The integration time is fully variable; typical integration times are between 40 and 140 ms, corresponding to ground spot distances on the order of 250m to 1 km. Test inputs allow the readout electronics to be characterized before the fabrication of the micromachined pixels. The readout accepts a range of externally generated pixel bias voltages and master clock frequencies from DC to 2 MHz. 
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Filter Development
For applications in push-broom imaging with in-field separation, appropriate infrared bandpass filters are required. This can be achieved by assembling a composite filter from strips of interference filters corresponding to different bands or by the side by side deposition of appropriate filters on a single substrate. Custom filters corresponding to bands of interest may be readily achieved from numerous suppliers. For the purpose of demonstrator testing a single filter substrate with 1 µm wide bandpass filters centred at 10.8 and 11.8 µm has been developed.
Performance
The 512x3 pixel FPA has undergone preliminary testing. Figure 4 shows the measured signal as a function of integration time for the first three pixels of the FPA in response to a small scene temperature difference. Complete testing is ongoing. Table 6 shows the projected FPA thermal resolution based on simulation with conservative input values.
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MODULAR ELECTRONICS BOARDS
To allow for pre-flight experiments of space borne TIR instruments, INO and CSA have recently developed a compact circuit card assembly (CCA) for operating and collecting data with the 512x3 pixel FPA.
The optical head CCA is designed to function as the proximity electronics for the 512x3 FPA when it is integrated within a radiometric instrument. The baseline concept for the instrument electronics is displayed in figure 5 .
The optical head module incorporates the infrared FPA and produces the science data. The mirror and blackbody modules provide for calibration according to a particular scheme which may be modified without any impact on the design of the optical head. The control electronics module contains most of the electronics required to control the other three modules and to interface to the spacecraft computer. The modular design allows the assembly to be distributed throughout the satellite if desired, minimizing the instrument footprint in prime satellite real estate.
Apart from fully exploiting the 512x3 FPA radiometric capabilities, the electronic subsystem should have minimal power consumption, envelope and mass. Reliability (including thermal and vibration), radiation hardness (including single-event effects) and electromagnetic concerns are also considered in the design phase.
The optical head CCA functionality is presented in figure 6 . The electronics filters noise and transients from the power supply rails and generates all sensitive analog signals required by the sensor. All application sensitive signals are transmitted to the control CCA in differential-digital form to improve reliability and immunity to EMI. The optical head CCA was designed with space qualified components and then derated to compatible mil-spec and commercial components for the engineering model fabrication. A flex printed-wiring board design was selected to eliminate failure risks associated with connectors. The flight design of the control electronics CCA will be developed later. In the interim, a test bench CCA has been developed to allow data acquisition with the 512x3 FPA and optical head CCA. The test bench CCA uses the commercial-grade version of the most recent space-qualified FPGA device from Xilinx. It drives the sensor and retrieves image data. It maintains the sensor temperature to within 10mK of the desired temperature. It monitors the system and provides telemetry data to the spacecraft computer or a lab computer for testing. Figure 8 shows the assembled optical test bench for the 512x3 FPA, including an infrared objective, the 512x3 FPA in its ceramic package, the optical head CCA (boards in vertical orientation) and the test bench CCA (boards in horizontal orientation). The optical head CCA has been tested, validated and used to generate data from the 512x3 pixel FPA. Table 7 presents the characteristics of the optical head CCA. It also presents the forecast characteristics for the control electronics CCA that would serve as the main instrument electronics, controlling the other modules and providing the interface to the spacecraft computer. 
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